Abstract. This study aims to determine the performance of the jet clarifier for turbidity removal and its mechanisms for proposing the optimal operating conditions and design criteria. The experiment were performed continuously using a pilot scale jet clarifier with the volume of 243 L. Effects of liquid flow rates, types of liquid phase, and sludge blanket heights on turbidity removal efficiency were investigated. Moreover, the residence time distribution (RTD) study was carried out to investigate the flow pattern. The results indicated that the jet clarifier can effectively reduce the turbidity of the synthetic water with the efficiency of 80% under the optimal condition. The RTD results suggested that the flow pattern in the jet clarifier corresponded to the design as the plug flow and mixed flow conditions were found in the coagulation and the flocculation/sedimentation zones, respectively. The presence of the sludge blanket can reduce the bypass and recirculated flows. Besides, the increase of flow rate resulted in the increase recirculation in the tank. It can be suggested that the jet clarifier can be used for removing turbidity in the water treatment. The hydrodynamic in the reactor, which relates to flow pattern in the reactor, is one among the important factors in a jet clarifier.
Introduction
The jet clarifier is a type of solid contact clarifier considered as an effective and compact system for water treatment [1] . It can be implied as sludge recirculation units with a static mixer for destabilization. This system consists of two sections including mixing and settling zones. At the mixing zone, raw water is mixed with coagulants and injected through the centre of the reactor. Flocculation occurs as destabilized particles would aggregate into floc during flowing upward. Flocs can be separated in a settling zone and deposit forming a sludge blanket. Afterwards, sludge was separated from the clarified water in a settling zone where sludge is deposited and recirculated through the central zone by the induced zone. According from this process, the enrichment can induce the rapid flocculation and the formation of a dense precipitates. Moreover, the jet clarifier is also comprised of a sludge hopper in order to eliminate the excess sludge [1] [2] [3] . Consequently, hydrodynamical modelling of jet clarifier is highly important, at least from the following two perspectives: because of its influence on the performance of a given plant and because of its role in scalingup from pilot tests.
Modern methods, residence time distribution (RTD) were developed and applied to predict hydrodynamic behaviors in reactor [4] . The measurement is obtained from tracer experiment that consists of an impulse response method. The injection of a tracer is conducted at the system inlet and a probe is introduced at the outlet to record the concentration-time relation [5] . The relationship can be used to construct the exit age distribution in reactor, which indicates the flow pattern in reactor. The different regions of a reactor can be modeled as that of mix flow or plug flow reactor having dead spaces with bypassing between zones [4] . The determination of RTD is frequently combined with the modelling of the system using one, two or three-parameter models, either based in mass balance or in statistical analysis [6, 7] . Therefore, RTD measurement can be an efficient tool for better understanding the hydrodynamic condition in the reactor. This information can be applied for designing reactor as well as scale-up, operation, and optimization [7, 8] .
The objectives of this work were to determine the performance of jet clarifier for turbidity removal in the aspect of water treatment. Effects of flow rates, sludge blanket height, and water types were investigated. The flow behaviour in the reactor was also analysed by the RTD. The information obtained from this work could be utilized for designing the reactor design and suggesting the appropriate operation for a jet clarifier.
Materials and Methods

Liquid Phases
The liquid phases were the synthetic raw water and the real surface raw water from Prapa canal along Samsen Water Treatment Plant. The synthetic water was prepared by mixing bentonite used as model colloidal particles with tap water. To simulate the real raw water, the initial turbidity was adjusted to 501 NTU, which equals the average raw water turbidity of the Samsen plant [9] . The stock synthetic raw water was stirred by an agitator to ensure that the bentonite particles were dispersed thoroughly.
Experiment Set-up
The reactor was made from an acrylic material with the dimension as presented in Table 1 . Figure 1 shows a cross-section of the jet clarifier and a schematic diagram of hydrodynamics.
Experimental Procedures
The jet clarifier was operated continuously in both two parts of the experiments. The first part was to study the turbidity removal efficiency of the jet clarifier. Aluminum sulfate (Al2(SO4)3•18H2O) was used as coagulant. The optimal coagulant dosage from the jar test experiment was applied. The synthetic or surface raw water was fed from the water preparation tank to mix with the coagulant injected by a diaphragm pump and flow through the reactor. Effects of liquid flow rates on the removal efficiency at the steady state were determined. For the second part, the residence time distribution (RTD) of the reactor was studied using sodium chloride (NaCl) solution with the concentration of 30 g/L and 300 ml as the tracer for a pulse injection. 
Operating Conditions of Jet Clarifier
The system can be divided into 2 parts including the rapid mixing by the static mixer and the slow mixing followed by the sedimentation in the jet clarifier. The retention time from each part at different flow rates is compared with those from the conventional processes for turbidity removal as shown in Table 2 . The designed retention time of the jet clarifier was in the same range with the criteria. Note that G values in the static mixer and the jet clarifier were controlled by the liquid flow rates, while the gradient in the jar test were kept constant. 
Analytical Methods
The turbidity and pH were measured by the turbidity meter (Lovibond, Germany) and the pH meter (Hach, USA), respectively. The standard methods 2540D and 2320B were applied for analysing suspended solid and alkalinity [13] . The turbidity removal efficiency was evaluated from Eq. (1).
The considered parameters in this work can be calculated by Eq. (2) -(5) in Table 3 . Table 3 .
Parameters in jet clarifier experiments.
System Parameter Equation Equation no. Reference
Jet clarifier
The residence time distribution (RTD) was conducted for analyzing the behavior of non-ideal reactors. Two single parameter flow model was used to characterize the RTD results. Although other analysis methods are available, the compartment model and the dispersion model were chosen due to their simplicity and applicability [16] . The method of moments and non-ideal device techniques were used to calculate the parameters from the experimental data, including mean residence time (tm), variance ( 2 ), exact variance ( 2  ) and flow model parameter [17, 18] . The tracer (NaCl) pulse input data are presented using the exit-age distribution function E(t) which is defined as the fraction of material which has left the device between time t and t+dt. The function E(t) with the unit of min -1 can be expressed as
where C(t) is the concentration of the tracer at time t. The mean residence time (tm) and variance ( 2 ) were calculated by Eq. (7) and (8), respectively.
The exact variance ( 2  ) as in Eq. (9), which is the ratio of the variance to the square of the experimental mean residence time, is used to predict the dispersion number ( ). The is the dimensionless parameter that directly gives an indication of the flow regime. The value of one corresponds to the completely mixed, while the value of zero indicates the perfect plug-flow conditions.
where D = dispersion coefficient (m 2 /s), u = velocity gradient (m/s) and L = Flow distance (m).
Results and Discussions
Turbidity Removal by Jet Clarifier
Effects of liquid flow rate and sludge blanket height on turbidity removal efficiency: Figure 3 illustrates the turbidity removal as a function of flow rates and sludge blanket heights. For the synthetic raw water, the efficiency was decreased when raising the flow rate. The highest efficiencies of 68% and 80% can be achieved at the flow rates of 40 -70 L/hr for the blanket heights of 10 cm and 25 cm, respectively. Similar results were obtained from the actual raw water with the highest efficiency of 81% at 70 L/hr and 25 cm height; therefore, they are not shown here. Moreover, pH of the treated water was in the neutral range (7.0 -7.5) [19] . In addition, the efficiency of this jet clarifier was similar to the approximately 80% of the Samsen Water Treatment Plant 1, which uses a jet pulsator and sedimentation in a conventional rectangular tank for 6 hours [20, 21] . In summary, the liquid flow rates and the sludge blanket heights were key factors in the design and operation due to their effects on efficiency. The optimal condition in this work can be suggested at the sludge blanket height of 25 cm and the liquid flow rate of 70 L/hr (retention time of 197 minutes). Note that the lower efficiency of the jet clarifier compared to the jar test was a result of different operation modes, which are continuous and batch systems, respectively.
Effects of flow rate on the efficiency can be explained by the velocity gradient (G) and retention time (t). The lower flow rates of 40 L/hr and 50 L/hr gave insufficient G for slow mixing but provided large retention time. This allowed particles to separate from water by settling resulting in the good efficiency. On the contrary, the jet clarifier was ineffective in the turbidity removal at the flow rates higher than 70 L/hr due to its short retention time. Moreover, the height of the sludge blanket also affected the efficiency. As the cumulative sludge volume would be recirculated to the flocculation zone, it can increase the contact probability between particles and enhance the agglomeration of destabilized particles forming larger solid flocs [1, 11] . Effect of liquid flow rate on design parameters: Table 4 presents the parameters considered in this study at different operating conditions. The reasonable ranges of the liquid flow rates in this study suggested by the suitable G, t, and G•t values in the design criteria were 50, 70, and 110 L/hr. These flow rates were then applied to study the turbidity removal efficiency and effects of sludge blanket height. 
) Retention times of sedimentation zone b) Retention times of jet clarifier c) Design criteria for static mixer (noritake) in rapid mix for water treatment d) Design criteria for fluidized bed (floc blanket clarifier)
From the result, the jet clarifier can be used for removing turbidity in the water treatment. In fact, it is a conceptually simple process, but complex in practice. The process design is mainly based on empirical rules and experience rather than on general design criteria [22] . As a result, the parameters affecting the performance should be thoroughly investigated. The hydrodynamic in the reactor, which relates to flow pattern in the reactor, is one among the important factors in a jet clarifier. Therefore, it was studied in detail by the residence time distribution (RTD) approach as in the next section.
Residence Time Distribution (RTD) in Jet Clarifier Reactor
In order to obtain a behavior off non-ideal reactor, both the non-ideal compartment model and the dispersion model must be taken from the RTD curve, it was performed using the excel soccer function. Four conductivity probes were placed in reactor at the check point 1 -4 ( Fig. 1(b) , CP 1 -4). The experiments were carried out under 4 conditions, which were 40, 70 and 180 L/hr with sludge blanket and 70 L/hr without sludge blanket. Figure 4 shows the relations between E(t) and time under all conditions. which also had plug flow behavior. Another part bypassed to CP3 as the tracer can be detected after 12 minutes. The first part at CP2 then returned downward following the flow pathway and, again, divided into two paths, including (1) flowed to CP1 and then recirculated between CP1 and CP2; (2) went to CP3 at 27 minutes (15 minutes after the bypass flow). All tracers at CP3 can flow to CP4 as the signal can be detected after 100 minutes. With the sludge blanket at the same flow rate of 70 L/hr (Fig. 4(c) ), the flow pattern was quite similar to the case without the blanket. However, some differences can be observed. First, the bypass flow from CP1 to CP3 was much decreased with the sludge blanket. This could be seen at 30 minutes as the bypass peak at CP3 was very small comparing to Fig. 4(a) . The second difference was the reduction of the recirculation from CP2 to CP1. No looping peak at CP2 can be observed with the presence of sludge. The sludge blanket can restrict the bypass from CP1 to CP3 and the circulation of CP2 back to CP1. In addition, the liquid flow rate also influenced the bypassing. As can be seen in Fig. 5(d) , there was a bypass peak at 12 minutes for 180 L/hr liquid flow rate, while the peak did not appear at 40 L/hr. Therefore, increasing the flow rate could induce more bypass flow. Table 5 displays the RTD experimental mean residence time and variance. The tm were obviously greater than the theoretical one due to the recirculation in reactor. It should be noticed that at flow rate of 180 L/hr, the residence times at CP3 and CP4 were very close. Since the tm of CP3 was the average value from the bypass from CP1 and the recirculation between CP1 and CP2, the mean residence time should be higher than expected value. The appearance of bypass peak at CP4 also resulted in lower tm value.
Furthermore, the values in this study were in the range of 0.1 -0.5 indicating the plug flow condition as the value was close to zero. The jet clarifier under the applied conditions can be considered as a plug flow reactor with partly mixed flow. The mixed flow regime can be enhanced by raising the flow rate as the was increased. In detail, the flow pattern was diagnosed as the plug flow at CP1 to CP2 and then changed to the mixed flow at CP3 to CP4. This pattern was consistent with the mechanism of the jet clarifier with sludge recirculation [23] . However, the difference in the mean residence time between the experimental and theoretical values had to be mentioned. This could be a result of short circuit or bypass flow. To prove this discussion, the mass balance of flow in these check points was constructed with the supposed flow pattern in Figs. 5 and 6. Once the liquid feeding (F or QL) was introduced into the reactor, it passed CP1 and divided to CP2 and CP3 denoted as QD and QB with the quantities of a and b, respectively. The liquid that passed CP2 also separated into 2 paths including c (QR) back to CP1 and direct flow d (QJ) to CP3. The liquid at CP3 can go to CP4 with some recirculation (r). Using this flow pattern and the assigned quantities, the mass balance equation between each point can be expressed as in Eq. (10) - (17) . Unfortunately, this mass balance equation cannot take the dead zone of the system into account since the outlet tracer quantity at CP4 was used for solving these equations.
(17) The quantities of each variable were correlated from area under the curve between concentration and time, which resulted in amount of tracer passing that point divided with liquid flow rate. Since the flow rate in reactor was constant, using the area to represent the quantities of flow passing each check point was reasonable. After solving Eq. (10) to (17) , the fractions of flow between each check point were summarized in Table 6 . Table 6 .
Fraction of flow between each checkpoint. Table 6 , the jet clarifier without sludge blanket had very high fraction of return from CP2 to CP1 (0.86) and also high bypass fraction from CP1 to CP3 (0.53). However, the return and the bypass fractions were respectively decreased to 0.34 and 0.06 for the same flow rate with sludge blanket in the reactor. The presence of sludge blanket can restrict the flow pathway and reduce the bypass and liquid recirculation resulting in the flow pathway similar to the design. Moreover, effects of flow rate can be clearly seen. At the flow rate of 40 L/hr, there was no bypass but it would get higher fraction as flow rate increased. Therefore, increasing flow rate can induce the bypass flow in reactor.
Flow Fraction
To enhance the turbidity removal, the increase of the flow rate to promote more recirculation should be considered. However, it could be compensated with the increased bypass flow. One should keep in mind that the increased of flow rate also resulted in shorter retention time, thus resulting in lower removal efficiency as the settling time could be insufficient [24] . In order to achieve the effective removal of turbidity, these factors have to be optimized. 
Conclusion
The results indicated that jet clarifier was effective for removing colloidal particles and suspended solids from water. The optimal conditions for the turbidity removal were found as summarized in Table 7 . Under the optimal condition, the turbidity removal efficiency of 80% was obtained.
It could be suggested that the jet clarifier could be applied instead of the conventional process since it requires less operating time and energy as well as smaller area but can provide similar efficiency as the conventional coagulation at the same overflow rate. The settling efficiency could be also enhanced by applying a settling plate or tube, which should be further studied in the future. From the RTD results, the jet clarifier under the applied conditions contained the plug flow reactor pattern in the coagulation zone and changed to a mixed flow pattern in the flocculation and settling zones. The increase of flow rate can enhance the recirculation resulting in the increased efficiency. However, this could lead to more bypass flow and shorter retention time, which would reduce the process performance. In addition, the presence of a sludge blanket plays a key role in the separation since it helped controlling the flow pattern as well as increasing a target for particle agglomeration.
It is a well-known fact that flow patterns strongly depend on flow rate. However, at the scale of this experimental device, the flow convective contributions induced by flow rate can greatly affect the flow pattern. In addition, shape and size of a buffer installed in a reactor can also influence the efficiency. The study in detail should be conducted on its effects on flow behavior and treatment efficiency. This could lead to the optimization of the operation for improved efficiency. 
Nomenclature
